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Introduction
2 micron fiber laser sources are very important for many applications especially for eye-safe LiDAR, environmental sensing, material processing and medical applications [1] . Atmospheric transparency windows and strong vibrational absorption line for various molecules are two well-known characteristics in desirable infrared laser source. In recent years, various continuous-wave (CW) and pulsed fiber lasers have been developed to operate in a wide range of operating wavelengths based on crystalline and rare-earth-doped fiber lasers (Yb, Er, Tm, Ho) [2] . However, each of the rare-earth doped material can only absorb and generate lasers in a limited wavelength region [3] . For example, ytterbium (Yb) is used to generate a 1 µm laser and erbium (Er) for C-and L-band regions while thulium (Tm) and holmium (Ho) are used for producing a 2 µm laser. For this reason, our intention is to generate a fiber laser source using an affordable and robust technique by expanding the limitation of rare-earth doped fiber emission wavelength regions. Depending on the nonlinear material and high wattlevel pump power, optical parametric oscillators (OPOs) can offer rugged and compact lasers, including high output power laser, and narrow linewidth emission [4] . The nonlinear material is an important material for generating a new wavelength, where an existing laser source is not available or performs poorly [5] . Generally, an OPO laser source is generated when a laser with a sufficient intensity interacts with a dielectric material to induce nonlinear susceptibilities and cause polarization of the medium to develop new frequency components not present in the incident radiation field [6] .
ZrO 2 is an important ceramic material and is extensively used in the fields of structural materials, gas sensing, optical materials, corrosion resistance and catalysis. The most important properties of ZrO 2 is its high refractive index, and high transparency in UV-Vis range for ZrO 2 nanoparticales. Therefore, the incorporation of ZrO 2 nanoparticles can effectively modulate the refractive index of optical materials, which is very desirable for optoelectronic devices, optical waveguides and non-linear optical materials [7] .
In this letter, we report a 2 µm CW fiber laser based OPO system using a long newly developed double-clad ytterbium-doped fiber (YDF). This new fiber is based on nanoengineered calcium-stabilized zirconia alumino (YSZA) silicate fiber as the gain element where nano-structured partially crystalline ZrO 2 particles serve as a nonlinear material for Yb ions within the fiber core. The performance of the laser is also investigated with the use of a commercial YDF for comparison purposes.
YDF fabrication and characterization

Yb
3+
-doped nano-engineered calcium stabilized zirconia alumina silica glass-based fiber preform is made using the modified chemical vapor deposition (MCVD) process, followed by solution doping technique [8, 9] . The SiO 2 and P 2 O 5 glass formers are incorporated via the MCVD process. Al 2 O 3 , ZrO 2 , Yb 2 O 3 and CaO are added as the glass modifiers through the solution doping process. The incorporation of CaO into the host matrix also serves to slow down or eliminate changes in the ZrO 2 crystal structure [10] . It is worthwhile to note that a small amount of P 2 O 5 doping is also added in the core matrix of the optical fiber preform to serve as a nucleating agent to increase the phase separating phenomenon with the generation of Yb 2 O 3 doped phase-separated nano crystallites [9, 10] . CeO 2 is used to prevent the formation of any colour center of Yb ions under high power application.
To make the nano-engineered Yb 2 O 3 -doped ZrO 2 rich in the glass fiber, the fabricated preform is annealed at 1250 °C for 4 h with heating and cooling rates of 20 °C min −1 . The annealed circular preform is then converted into pentagonal shape before the fiber drawing process. This is the final process of forming the nano-structured multi-element glass based low RI coated optical fiber. Slight milky whiteness in the core glass appears because of the phase separation phenomenon. The cladding absorption curve of the newly developed multielements YDF (ME-YDF) is shown in figure 1. It shows a peak absorption of 4.2 dB m −1 at 976 nm. The inset of figure 1 shows the microscopic view of the double-clad fiber, which indicates a core, inner cladding and outer cladding diameters of 11.5, 119.3 and 129.8 µm, respectively. The fabricated ME-YDF parameters are summarized and compared with those of the commercial fiber in table 1.
The morphology of the fiber core glass is also investigated by using a transmission electron microscope (TEM). The nature of its nano-particles is then evaluated by the electron diffraction. The nano-phase separated host is retained in the silica glass matrix at the fiber drawing stage as confirmed by the TEM analysis, as shown in figures 2(a) and (b) . The average particle size is around 7 ± 2 nm, and the bright spots in the TEM image illustrate the phase-separated region. The nature of the phase-separated particles is found to be partially crystalline, as confirmed by both their electron diffraction pattern, shown in figure 2(c) 
Experimental setup
The proposed ytterbium-doped fiber laser (YDFL) based on OPO configuration is illustrated in figure 3 . The resonator consists of a high power 980 nm multimode pump, pump combiner, YDF and polarization maintaining circulator. The fabricated double-clad YDF is utilized as both linear and nonlinear gain media. It generates a 1 µm laser when it is cladding-pumped by a 980 nm multimode laser via a pump combiner. The laser is then used to generate a 2 µm laser based on optical parametric effect. The multimode pump performance has the ability to pump up to 4.1 W, which is enough to pump a nonlinear material and then generate a laser based on OPO. To form a linear cavity, a high powered polarization maintaining circulator is used by splicing port 2 to port 3. The circulator operates within the 2 micron region with an insertion loss of 0.5 dB. A standard SMF is used to make up the rest of the linear cavity. Finally, the laser performance in the cavity is measured via a signal port of a pump combiner. To observe a wide range of the spectrum, we use two different optical spectrum analyzers (OSA, Yokogawa AQ6370B & AQ6375) with a spectral resolution of 0.05 nm. Meanwhile, the broadband optical power meter (OPM, Thorlab PM100D/S302C) is employed to capture the output power of the laser emission. The 3 dB coupler is used to measure the output spectrum and power simultaneously.
Result and discussion
Next, the lasing performance of the newly developed YDFL is investigated at self-generated wavelengths of 1067 and 2127 nm. At a sufficient absorption pump power, the stimulated emission process successfully generates lasing at 1067 nm. By increasing the pump power to a higher level, the intense lasing of the 1 micron region creates an auxiliary lasing at 2127 nm. This is due to the interaction process in the nonlinear material. The 1 micron region lasing is known as the signal and the 2 micron region as the idler. We also compare the laser performance with the one produced by a commercial YDF. The commercial YDF has a core diameter, cladding diameter, numerical aperture and cladding absorption of 11 µm, 130 µm, 0.46, and 3.9 dB m −1 at 975 nm, The new YDF has a higher peak lasing at the 2 micron region as compared to the one from the commercial YDF, which is only dominant at 1 micron region operation. The difference between the 1061 and 2122 nm of peak laser powers for the new YDF is more than 20 dB, which confirms that 99% of the power meter measurement is contributed by 2122 nm. In another experiment, the presence of the 2 micron laser is also confirmed by generating a pulsed fiber laser with the same configuration using a two-dimensional nanomaterial film saturable absorber. The temporal characteristics are observed through an InGaAs photodetector (PD) with responsivity of 1.2 A W −1 (at 2 micron region) by using a 500 MHz oscilloscope. This PD is strictly sensitive to the region between C-band to 2 micron. This confirms that the 2 micron laser is dominant.
The inset of figure 4(a) shows the output power against the pump power for both YDFLs. It shows that the new YDFL has an efficiency of around 7.15%, which is more efficient than that of the commercial fiber based YDFL. At the maximum pump power of 4.1 W, the output power is about 201 mW. Figure 4(b) shows the stability of the generated continuouswave laser at 2122 nm for about 80 min with every 20 min interval. The small fluctuations of the peak power of the 2 micron laser indicate that the laser is highly stable.
Conclusion
As a conclusion, we have successfully demonstrated CW YDFL based on an OPO system operating at the 2 micron region by self-doubling of a 1 micron laser. The linear cavity laser uses a higher nonlinear material as a gain medium and is pumped by high watt-level pump power. At the maximum pump power of 4.1 W, the obtained output is about 201 mW. For the first time, to our knowledge, a CW laser operating at 2 microns is realized by using YDF as both linear and nonlinear gain medium. 
